Impaired dopamine homeostasis is an early event in the pathogenesis of Parkinson's disease. Generation of intracellular reactive oxygen species consequent to dopamine oxidation leads to mitochondrial dysfunction and eventually cell death. Alterations in the mitochondrial proteome due to dopamine exposure were investigated in the SH-SY5Y human neuroblastoma cell line. The combination of two orthogonal proteomic approaches, twodimensional electrophoresis and shotgun proteomics (proteomeXchange dataset PXD000838), was used to highlight the specific pathways perturbed by the increase of intracellular dopamine, in comparison with those perturbed by a specific mitochondrial toxin (4-methylphenylpyridinium, MPP alteration of the mitochondrial protease activity) and in part as the effect on mitochondria of a general activation of cellular processes (e.g. regulation of programmed cell death).
Introduction
Parkinson's disease is a complex multifactorial movement disorder associated with a spectrum of distinct pathologies. 1 Useful insights have been gained, thanks to cellular and animal models of PD pathogenesis. 2, 3 Several pathogenetic factors lead to mitochondrial impairment that eventually determines selective degeneration of nigrostriatal dopaminergic neurons. Impaired dopamine homeostasis appears to be a key factor in the early steps to PD pathogenesis. [2] [3] [4] [5] Dopamine shows a marked propensity to auto-oxidation, with the concurrent generation of reactive oxygen species (ROS) and dopamine quinone (DAQ). These chemicals induce mitochondrial impairment by activating the intrinsic apoptosis pathway (ROS) or by inhibiting the respiratory chain (DAQ). 4, 5 Dopamine homeostasis might be altered by prefibrillar intermediates of a-synuclein, a protein earlier linked to familial PD, which associates with vesicles and induces dopamine leakage. 1, 4 Also the impairment of protein clearance, either by the ubiquitin-proteasome system (UPS) or by autophagy, contributes to neural loss in PD. 6, 7 The identification of parkin as an ubiquitin E3 ligase, together with the reported mutations of the deubiquitinating enzyme UCH-L1 in rare cases of a single PD family, has suggested that a failure in the UPS might significantly contribute to PD pathogenesis.
Toxins such as MPP + and rotenone are capable of damaging dopaminergic cells because they are taken up through the dopamine transporter (DAT) and block the mitochondrial respiratory chain, with the consequent activation of apoptotic cell death. 2, 12 The functionality of the respiratory chain is also maintained by the turnover of mitochondrial complexes selectively mediated by the PINK1/parkin pathway through a mechanism that is independent by the classic autophagy activation. 13 However, the role played by mitochondrial dysfunction in the PD pathogenesis is not limited to the respiratory chain failure, but also involves their dynamics, with consequent modifications of their morphology, trafficking and quality control. 11, 14 Mitochondrial dysfunction and autophagy are strictly connected. Indeed, damaged mitochondria are removed through macroautophagy (mitophagy), in order to reduce the activation of apoptosis. If this clearance process is impaired, an enhancement of oxidative stress is expected to occur. 2, 15 Proteins associated with autosomal-recessive PD have been linked to mitophagy. Parkin translocates to mitochondria upon dissipation of the mitochondrial membrane potential (DC m ) by the uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP) or in response to ROS. 16 As a result, damaged mitochondria are removed by mitophagy. Functional PINK1, a mitochondrial serine-threonine kinase that affords protection against oxidative stress, is a prerequisite to induce translocation of the E3 ligase parkin to depolarized mitochondria. 17 These data provide therefore functional links between PINK1, parkin and selective autophagy of mitochondria. 18 In the present study, we investigate the effect of dopamine on the expression pattern of mitochondrial proteins in the undifferentiated human catecholaminergic neuroblastoma cell line SH-SY5Y, a widely used cellular model that reproduces impaired dopamine homeostasis, which is a possible pivotal aspect in the pathogenesis of PD. 2 These cells possess a complete dopaminergic system. In particular, they couple the good activity of the dopamine transporter (DAT) with the low activity of the vesicular monoamine transporter type 2, so that the cytoplasmic dopamine concentration may be raised by administration of exogenous dopamine in the culture medium. 2, 19 As a reference, MPP + is used to induce mitochondrial impairment through specific complex I inhibition. In this context, the proteomic identification of mitochondrial proteins altered by disruption of dopamine homeostasis may significantly help to understand alterations of mitochondrial functionality in PD pathogenesis. Furthermore, these findings will contribute to the worldwide project promoted by the Human Proteome Organization (HUPO) both at the chromosome-centric and biological-disease levels, 20 within which the Italian Proteomics Association (ItPA) has initiated the mitochondrial Human Proteome Project (mt-HPP). 21 
Results

Cytotoxicity assays
The toxic effect of dopamine and MPP + on SH-SY5Y cells was evaluated by observing the relative cell viability after exposure to the toxic insult. Fig. 1 reports the dose dependent toxicity of dopamine (panel A) and MPP + (panel B). Dopamine significantly affected cell viability at 250 mM concentration, with a decrease of about 40%. Therefore, this concentration was selected for further experiments. The MPP + concentration used (2.5 mM)
was chosen in order to have a significant viability reduction similar to that observed for dopamine.
Mitochondrial fraction enrichment
Effectiveness of the mitochondrial enrichment procedure was evaluated by western blotting. Fig. 2 , panel A shows that the mitochondrial marker VDAC1 was noticeably enriched in the mitochondrial fraction and almost undetectable in the cytosolic fraction. The nuclear marker histone H3, which was very abundant in the unfractionated sample, was fairly detectable in its full-length form in the cytosolic fraction and in its processed form in the mitochondrial fraction, thus indicating a mild co-enrichment of nuclei in the latter sample. On the other hand, a more consistent presence of the cytosolic marker b-actin might be appreciated, thus suggesting a remarkable enrichment of cytosolic proteins that interact with mitochondria, such as b-actin. Functional classification of proteins observed in shotgun proteomics experiments (see below) also indicated a substantial higher number of proteins identified as mitochondrial according to the DAVID gene ontology classification engine (Fig. 2, panel B) . Among the most abundant proteins, 52% were mitochondrial proteins, 9% were nuclear and only 6% from the endoplasmic reticulum (ER). A more consistent fraction of enriched proteins was composed of cytoskeletal or cytoskeleton-associated proteins. Eventually, the recurrent presence of mitochondrial matrix proteins in the Shotgun identification might ensure that no significant damage occurred in mitochondria isolation.
Shotgun proteomics of mitochondrial fractions
To perform a differential analysis of the protein repertoire in the mitochondrial fractions, an experiment of Label Free Differential Proteomics by Data Independent Analysis was designed based on a Shotgun discovery proteomics methodology. This approach is taking advantage of the high reproducibility of retention time elution profiles given the employment of a nanoUltra Performance Liquid Chromatography (nUPLC) system. In particular, the experiments were performed by means of nUPLC coupled to a high/low collision energy MS (MS E )-based label free quantitative shotgun approach, i.e., a Waters nanoAcquity UPLC System coupled to a Waters Q-TOF Premiere tandem mass spectrometer. Since there was no isotopic labeling of the samples, data complexity was reduced and the mass spectrometry analysis provided a deeper view in the repertoire of less abundant proteins.
Such a feature made this approach thoroughly applied in the proteomics community in order to collect wide MS-based datasets. 22 To take into account the variability due to the experimental procedure, the mitochondrial fractions from SH-SY5Y treated with DA or MPP + were compared to control samples (control) by including all technical and biological replicates in a single group, i.e., four technical LC-MS E runs for each of the three biological replicates of the same condition. Quality assessment of the data was evaluated by the analytical performances on the actual experimental dataset (Fig. S1 in the ESI †). The average distribution of the coefficient of variation (CV%) of peptide signal intensity was around 2.5%, while the CV% of retention times was centered on 1.5%. However, to keep a conservative approach protein hits were filtered to a fold difference larger than 30%. These performances are in line with those previously reported. [23] [24] [25] [26] [27] To achieve a greater level of confidence, two independent procedures of comparative statistics analysis were performed. The first one was based on the proprietary build-in expression analysis embedded in the PLGS software. The second one was based on a parametric (paired t-test) comparison of protein amount values as obtained from the protein identity procedure ( 
Mitochondrial protein expression analysis by two-dimensional electrophoresis
Mitochondrial fractions were analyzed by 2-DE with fluorescent staining (Fig. 3 ). Spots were automatically detected and extensively refined to filter out any error in the detection and matching procedures. A total of 652 spots were assigned to each group (control group; DA, dopamine treatment group; MPP, MPP + treatment group). Among them, 220 had two or more missing values in each group and were removed. A subset of 136 spots present in all 15 gels was used for relative normalization. The quality of the gels was checked by pairwise comparisons and residuals of each linear fitting were compared in a normal distribution vs. a ranked distribution (Quantile-Quantile plots; Fig. S3 in the ESI †). The worst performing gel in each group was excluded from the further analysis. Residual missing values were replaced as described in the experimental procedures. Normalized spot volumes were analyzed by the non-parametric Kruskal-Wallis test to identify which were significantly associated with at least one group, followed by the post hoc Dunn's test to identify which contrast was responsible for the observed significance (see Fig. S4 in the ESI †). In this way, 23 spots were excised for protein identification by ESI-TRAP LC/MS (see Table  S1 in the ESI †). Table 2 
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Bioinformatics analysis
The list of proteins that showed altered levels after dopamine treatment (Table S2 in the ESI †), independently by the MPP + effect, was used to perform the enrichment analysis and interpret the results obtained by the two proteomic approaches. First of all, different tools of Webgestalt were exploited to obtain biological insights from the list. The Gene Ontology The disease association analysis (Table S3 in the ESI †) revealed a specific association of several proteins altered by dopamine with the aspecific events ''shock'' (DB_ID:PA445644) and ''stress'' (DB_ID:PA445752), but also with the specific category ''mitochondrial diseases'' (DB_ID:PA447172).
The list of proteins altered by dopamine treatment was also analyzed by Bioprofiling. Fig. 4 shows a significant ( p o 0.005) network model generated by the PPI spider tool that considers physical interactions reported in the IntAct database. The enrichment might reveal other possible actors of response to dopamine that were not detected by the proteomic analysis. Thirty-five experimentally identified proteins were included in a single model, where no more than one enriched protein was added to connect them. Database evidence for each interaction is reported in Table S4 in the ESI. † Proteins related to cellular component movement, regulation of NF-kB cascade, glycolysis, chromatin modifications, response to unfolded proteins, response to stress, apoptosis, protein folding, nucleosome assembly and DNA replication were found to be significantly enriched.
Discussion
Impaired dopamine homeostasis affects mitochondrial functionality at various levels. 28 Here, the effect of dopamine on the proteome of mitochondria-enriched fractions was evaluated by using two complementary, orthogonal proteomics approaches, at the protein and peptide levels. 25 Mitochondria were obtained from a well established cellular model of dopamine homeostasis impairment, the undifferentiated human neuroblastoma SH-SY5Y cell line treated or not with dopamine in the presence of the extracellular peroxide scavenger catalase. 2, 19, 29, 30 Although subcellular proteomes are obtained with the purpose of simplifying the complexity of the biological specimen under study, mitochondria-enriched fractions are usually difficult to be investigated with gel-based techniques. 31 Indeed, the heterogeneous distribution of mitochondrial proteins in terms of hydrophobicity, molecular weight and pI, together with the high lipid and nucleic acid contents of mitochondria, prevent a correct focusing. Moreover, the fine-tuning of the cell homogenation conditions, including the composition of the cell lysis buffer, is an essential step to avoid incomplete extraction of hydrophobic proteins, unpredictable leakage of matrix proteins or co-isolation of other organelles such as nuclei or ER. 31, 32 Therefore, all the conditions to obtain reproducible 2-DE maps starting from cultured cells were revisited and optimized. The Shotgun proteomics approach may represent a useful strategy to address all the technical difficulties associated with mitochondria-enriched fractions. Based on gel-free chromatographic separation, it shows better sensitivity and resolution than 2-DE, thus allowing the detection and quantification of several hundreds of proteins. However, as a consequence of the robustness of the experimental design aimed at avoiding type-I (alpha) errors in the selection of significant features, 33 a narrow number of proteins was reported to change. As far as 2-DE is concerned, it provides a better workbench for the characterization of post-translational modifications, including proteolytic degradation. 34 Hence, enriched fractions were analyzed with both peptide-and protein-based approaches, with a remarkable overlapping of the proteins affected by any treatment (Fig. 5A ).
Proteins that were observed to change in the same way with both techniques are intrinsically validated, whereas proteins that were identified by a single technique might complement the description of the biochemical pathways being involved. Additionally, Shotgun proteomics provides information on protein total levels, whereas 2-DE may account for protein modifications and cleavage. On the other hand, proteins targeted by MPP + did not completely overlap with those altered by dopamine treatment (Fig. 5B) . Among the latter, only eight proteins were specifically regulated or modified by DA. Conversely, 27 proteins were exclusively altered by MPP View Article Online iron-sulfur protein 3. 35 This suggests that the broad spectrum of modifications induced by dopamine does not completely include the changes evoked by specifically blocking complex I activity. The combination of orthogonal proteomic approaches may also lead to discrepancies that deserve further investigation. This is the case of the voltage-dependent anion channel isoform 2 (VDAC2). Although this protein appeared to be upregulated in the Shotgun analysis by both treatments (+0.30 and +0.58 fold in log 2 scale by dopamine and MPP + , respectively), 2-DE analysis highlighted a significant reduction (À1.4-fold in log 2 scale) of the spot identified as VDAC2 after DA exposure. It should be noticed, however, that the VDAC2 band at 32 kDa almost disappeared after dopamine treatment (western blot, see Fig. S5 in the ESI †). Therefore, the present finding might indicate the accumulation of proteolytic peptides within mitochondria, thus suggesting the activation of mitochondrial proteases such as the intermembrane space protease HTRA2/OMI. 36, 37 Interestingly, HTRA2 was associated with a familial Parkinsonism (PARK13), although mutations were also found in healthy subjects. 8 The different activity of mitochondrial proteases with respect to the treatments could also explain the complex behavior displayed by the mitochondrial chaperone mortalin. Indeed, MPP + led to a significant increase of mortalin total level, probably in response to cellular stress induced by direct complex I inhibition, but no changes were observed after DA exposure. Interestingly, the level of a mortalin proteolytic 25 kDa fragment, also reported in the Swiss-2DPAGE database (map = LIVER_HUMAN, ac = P38646), was found to be increased only after DA treatment (1.5-fold in log 2 scale). It is noteworthy that mortalin is reduced in nigral neurons of PD patients as found out by proteomics investigations. 38 Even the scaffold proteins prohibitins seemed to be affected in different ways by the two treatments. The Shotgun analysis revealed an upregulation of prohibitin after both treatments, whereas prohibitin 2 was raised only by MPP + treatment, probably as an effect of ATP depletion following complex I inhibition. 39 On the other hand, a 25 kDa prohibitin fragment identified by 2-DE displayed discordant changes after dopamine and MPP + treatment.
This observation might reflect a different post-translational processing at the mitochondrial level that could lead to an alteration of mitochondria function and dynamics. Eventually, prohibitins regulate the activity of mAAA, a key participant in the quality control of inner membrane proteins. 36 This protease, together with the inner membrane protease PARL, regulates the PINK1-induced mitochondrial recruitment of parkin, a fundamental step in the quality control of mitochondria.
40
A comprehensive pathway analysis of all proteins affected by dopamine allowed a deeper insight of the mechanisms that might be perturbed by altered dopamine homeostasis. Interestingly, the Parkinson's disease pathway and the ParkinUbiquitin Proteasomal System pathway were significantly overrepresented, together with GO terms related to the generation of precursor metabolites and energy, the response to topologically incorrect proteins and the programmed cell death. Indeed, dopamine induced apoptosis in this cellular model, as expected, 19, 30 together with alterations of the energetic metabolism. As far as quality control pathways are concerned, several members of the HSP70 chaperone family (e.g. mortalin, Heat shock 70 kDa protein 1A/1B) were observed to be affected by dopamine in the present study. HSP70 pathway seems to be functionally linked to the parkin-ubiquitin proteasomal system. First, parkin has been shown to mono-ubiquitinate HSP70 at several sites. 41 Moreover, it has been reported that the C-terminus HSP70-interacting protein (CHIP), HSP70 and parkin form a ternary complex that promotes ubiquitination and degradation of the Pael receptor, a protein whose accumulation has been linked to dopaminergic neuronal death. 42 Eventually, HSP70 levels are upregulated in the brain of sporadic PD cases and in parkin null mice but not in patients with early onset PD. 41, 43, 44 The disease association analysis highlighted the significant classification of proteins as linked to mitochondrial disease. Interestingly, proteins in this list included ATP carriers, such as VDAC1 and ADP/ATP translocases, and components of the mitochondrial protein synthesis machinery, such as the mitochondrial ribosomal protein S22 and the elongation factor Tu. Together with the heat shock proteins discussed above, the upregulation of these proteins may activate compensatory mechanisms that eventually lead to apoptosis. Interestingly, the ADP/ATP translocase 3 can take part to the formation of the mitochondrial permeability transition pore together with VDAC1. 45 In conclusion, altered dopamine homeostasis induced several changes in the mitochondrial proteome that in part are due to a direct effect of dopamine on mitochondria (e.g., alteration of the mitochondrial protease activity) and in part reflect the activation of processes that involve the mitochondria in a general response to dopamine (e.g., regulation of programmed cell death). In particular, several pieces of evidence support the view that dopamine specifically activated mitochondrial proteases. The complete cleavage of VDAC2 into fragments that are still quantified by Shotgun is a clear-cut example of the dopamine-induced activation of proteolytic enzymes within mitochondria, further supported by mortalin and prohibitin fragmentation. Remarkably, the specific identification of proteolytic fragments and their comparison with the total amount of the original protein was only possible by integrating gel-based and gel-free approaches.
Experimental
Materials
Human neuroblastoma SH-SY5Y cells were obtained from the European Collection of Cell Cultures (Cat No. 94030304; Lot No. 11C016) and were cultured in 5% CO 2 humidified atmosphere at 37 1C in high-glucose Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), 100 U ml À1 penicillin, 100 mg ml À1 streptomycin, and 2 mM L-glutamine.
Dopamine, catalase and MPP + were from Sigma Aldrich. All cell culture media and other reagents were from Euroclone.
Cytotoxicity assays
Cell viability was investigated using the neutral red (NR) uptake assay. 46 Cells were seeded in 24-well plates at 10 5 cells per well and cultured for 24 h at 37 1C before assay. The cells were exposed to different dopamine concentrations (0, 250 and 500 mM) and different MPP + concentrations (0, 1, 2.5, 3.5 and 5 mM) for 24 h. Catalase (700 U mL
À1
) was added in each well to eliminate aspecific effects due to H 2 O 2 arising from dopamine autooxidation. 19 At the end of the treatment, the conditioned medium was removed and cells were incubated with freshly prepared NR solution (50 mg ml À1 NR in culture medium) for 3 h at 37 1C. Then cells were rapidly washed with a fixative (1% CaCl 2 and 1.3% formaldehyde) and subsequently lysed with extraction solution (50% ethanol and 1% acetic acid). After 30 min incubation at RT, aliquots of the resulting solutions were transferred to cuvettes and the absorbance was recorded at 540 nm by using UV-Vis Optizen Pop 810 Nano Bio spectrophotometer (Mecasys). Results were expressed as a percentage of control. All experiments were run in triplicate. Statistical significance was assessed by the Welchcorrected t test.
Mitochondrial enriched fractions
Cells were cultured for 24 h in the absence and in the presence of 250 mM dopamine or 2.5 mM MPP + , in the presence of 700 U ml À1 catalase. All experiments were run in five replicates for each condition. Cells were detached with Trypsin-EDTA and collected by centrifugation (300 Â g, 25 1C, 7 min). Pellets were resuspended with the isolation buffer (250 mM sucrose, 10 mM Tris/MOPS pH 7.4, 1 mM EGTA, 10% v/v protease inhibitor mix) and mechanically disrupted by 30 strokes of a glass/glass Dounce homogenizer (in an ice bath). 32 Homogenates were centrifuged to eliminate cell debris (600 Â g, 4 1C, 10 min) and supernatants were centrifuged again to isolate mitochondrial enriched fractions (10 000 Â g, 4 1C, 10 min). The resulting pellets were washed in isolation buffer (2Â) and stored in liquid nitrogen for further investigations. The efficiency of the isolation procedure was tested by western blotting quantification of histone H3 (nuclear marker, Upstate 07352, 1 : 3000), voltage-dependent anion channel VDAC1 (mitochondrial marker, Abcam ab15895, 1 : 600) and b-actin (cytoplasmic marker, GeneTex GTX23280, 1 : 3000).
Shotgun proteomics
Mitochondrial fractions were lysed in 50 ml of 0.1% RapiGest SF Surfactant (Waters, Milford, MA, http://www.waters.com) diluted in 50 mM (NH 4 ) 2 CO 3 , pH 8.0, according to the manufacturer's instructions, and the protein amount was determined using the Bradford method using the Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad). Tryptic digestion was performed in RapiGest SF as previously described. 47 Prior to proteolysis, mitochondrial fractions were subjected to reduction with 10 mM TCEP (30 min at 55 1C) and alkylation with 20 mM iodoacetamide (IAA; 30 min. at RT). Peptide digestion was conducted using 1.5 mg sequence-grade trypsin (Promega, Madison, WI, USA) at 37 1C overnight. The reaction was stopped by acidification with 0.1% formic acid (FA) at 37 1C for 30 minutes. To get rid of the acid-labile surfactant RapiGest SF, sample was centrifuged for 10 min at 16 200 Â g and the supernatant saved for the LC MS E analysis.
Samples were diluted with an aqueous solution of 0.1% FA, 3% CH 3 CN (at a final peptide concentration of 0.4 mg ml À1 ) and loaded onto a 5 mm Symmetry C18 trapping column 180 mm Â 20 mm (Waters) and separated by a 170 min reversed phase gradient at 250 nL min À1 (3-40% CH 3 CN over 145 min) on a nano ACQUITY UPLC System (Waters), using a 1.7 mm BEH 130 C18 Nano Ease 75 mm Â 25 cm nano-scale LC column (Waters). 150 fmol ml À1 of MassPrepYeast Enolase digestion standard (Waters), prepared by digesting Yeast Enolase (UniProtKB/ Swiss-Prot AC: P00924) with sequencing grade trypsin, were added to each sample as the internal standard. The lock mass ([Glu1]-Fibrinopeptide B, Sigma, 500 fmol ml À1 ) was delivered from the auxiliary pump of the instrument with a constant flow rate of 600 nL min
À1
. Separated peptides were mass analyzed by a hybrid quadrupole orthogonal acceleration time-of-flight mass spectrometer (Q-Tof Premier, Waters) directly coupled to the chromatographic system and programmed to step between low (4 eV) and high (15-40 eV) collision energies on the gas cell, using a scan time of 1.5 s per function over 50-1990 m/z.
Mass spectrometry data were acquired in Expression mode (MS E ), a data-independent parallel parent and fragment ion analysis without the selection of a fixed ion transmission window on the first mass analyzer prior to collision induced dissociation. 48 Continuum LC-MS data from four replicates experiments for each samples were processed for qualitative and quantitative analysis using the software ProteinLynx Global Server v. 2.4 (PLGS, Waters Corp.). Qualitative identification of proteins was obtained using the embedded ion accounting algorithm of the software PLGS 2.4 (Waters Corp.), searching in the human database UniProt KB/ Swiss-Prot Protein Knowledgebase (release 2013_08, 24-July-13; 540732 sequence entries, comprising 192091492 amino acids abstracted from 221115 references; taxonomical restrictions: Human, 20266 sequences) to which data from S. cerevisiae Enolase were appended (UniProtKB/Swiss-Prot AC: P00924). 25, 49 The search parameters included: automatic tolerance for precursor ions and for product ions, minimum of 3 fragment ions matched per peptide, minimum of 7 fragment ions matched per protein, minimum of 2 peptides matched per protein, 1 missed cleavage, carbamidomethylation of cysteine as fixed modification and oxidation of methionine as variable modification, false positive rate (FPR) fixed below 4% for protein identification and 150 fmol of the Yeast Enolase internal standard set as calibration protein concentration. 48 The label free differential expression analysis was performed considering the 12 The significance of regulation level specified at AE30%, hence 1.3-fold (AE0.26 on a natural log scale), which is typically 2-3 times higher than the estimated error on the intensity measurement, was used as a threshold to identify significant up-or down-regulation. 48 Off-line statistical analysis of shotgun proteomics data
As an alternative evaluation of statistical significance, protein amounts obtained by the qualitative identification described above (see ''Shotgun proteomics'' paragraph of this section)
were analyzed by modifying a procedure developed for the analysis of 2-DE image quantifications. ) and the control condition. In order to avoid type-II (beta) errors in the subsequent bioinformatics analysis, no correction for multiple testing was applied. All procedures for data analysis and graphics were written in R, an open-source environment for statistical computing. 52 
Two-dimensional electrophoresis and statistical analysis
Mitochondria were suspended in 100 ml lysis solution (7 M, urea, 2 M thiourea, 4.8 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCl), 4% w/v 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 2% w/v amidosulfobetaine-14 (ASB-14), 1% v/v IPG buffer 3-10 nonlinear (GE Healthcare), 0.5 ml protease inhibitor mix). 31 After 1 h extraction at RT, mitochondria were lysed by sonication (10 Â 0.2 s) and centrifuged (20 000 Â g, 20 1C, 40 min) to precipitate organelle debris. In order to remove nucleic acids and lipids that could interfere with 2-DE, 100 ml mitochondrial protein solution were diluted twenty-fold in UTC (7 M urea, 2 M thiourea and 4% CHAPS). Each sample was transferred into an ultrafiltration concentration device (Vivaspin 500 MWCO 3000 Da PES, Sartorius) and centrifuged at 15 000 Â g to a final 100 ml volume. Protein concentration in the supernatant was determined using the Bio-Rad Protein Assay (Bio-Rad). Total proteins (200 mg) were diluted to 260 ml with a buffer containing 7 M urea, 2 M thiourea, 4.8 mM TCEP-HCl, 4% CHAPS, 2% w/v ASB-14, 1% IPG buffer 3-10 NL, and traces of bromophenol blue, and loaded onto 13 cm IPG DryStrips (GE Healthcare, Little Chalfont, UK) with a non-linear 3-10 pH gradient by in-gel rehydration (1 h at 0 V, 10 h at 50 V). IEF was performed at 20 1C on IPGphor (GE Healthcare) according to the following schedule: 2 h at 200 V, 2 h linear gradient to 2000 V, 2 h at 2000 V, 1 h of linear gradient to 5000 V, 2 h at 5000 V, 2 h linear gradient to 8000 V and 3 h and 30 min at 8000 V. IPG strips were then equilibrated for 2 Â 30 min in 50 mM Tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS and traces of bromophenol blue containing 5 mM TCEP-HCl for the first equilibration step and 2.5% iodoacetamide for the second one. SDS-PAGE was performed using 13% 1.5 mm thick separating polyacrylamide gels without stacking gel, using a Hoefer SE 600 system (GE Healthcare). The second dimension was carried out at 45 mA per gel, 18 1C. Molecular weight marker proteins (10-200 kDa from Fermentas, Burlington, Canada) were used for calibration.
The resulting maps were stained with Ru(II) tris(bathophenanthroline disulfonate) (Serva). Images were acquired (12 bit grayscale) with the GelDoc-It Imaging System (UVP) and analyzed with ImageMaster 2D Platinum (GE Healthcare). Spots were detected automatically by the software and manually refined hereafter; gels were then matched and the resulting clusters of spots confirmed manually. Unmatched spots among the experimental groups were considered as qualitative differences. Spots have been quantified on the basis of their relative volume (spot volume normalized to the sum of the volumes of the common spots). 50, 51 Gel reproducibility was assessed by Q-Q plots. 51, 52 Missing values were replaced by the minimum value observed for that spot (if the mean spot volume was in the lower 5th percentile) or to the mean value observed in the group. 53 Quantitative differences were assessed by the non-parametric Kruskal-Wallis analysis of variance followed by post hoc Dunn's test. 54 In order to avoid type-II (beta) 
LC-MS analysis in ESI-TRAP
Tryptic digests were analyzed by nLC-MS on a Proxeon EASYnLCII (Thermo Fisher Scientific, Milan, Italy) interfaced with an amaZon ETD Ion Trap (Bruker Daltonics). Volumes of 15 ml from each sample were injected and pre-concentrated for 3 min on a C18-A1 EASY-Columnt (2 cm, 100 mm I.D., 5 mm p.s., Thermo Fisher Scientific) at a flow rate of 5 ml min
À1
. A gradient elution was performed on a C18-Acclaim PepMap (25 cm, 75 mm I.D., 5 mm p.s., Thermo Fisher Scientific), flow rate: 0.3 ml min À1 , T 20 1C; eluents: A, 0.1% HCOOH in H 2 O and B, 0.1% HCOOH in CH 3 CN; gradient: from 3 to 30% B in 60 min. MS data were acquired using an AutoMSn method (Bruker Daltonics definition for data dependent acquisition) using the enhanced resolution as scan mode (15 000 m/z s À1 ). Ten precursor ions were selected for each survey scan, keeping the active exclusion enabled for 30 seconds after 2 MS 2 scans on the same precursor. Raw data were processed using the Bruker DATA Analysis (HappyChunks_mgfgeneration_02-11.m) to generate a peak list for database searching. Protein IDs were performed using the MASCOT v. 
Bioinformatics
Proteins identified by shotgun proteomics were classified for cellular compartment ontology using DAVID functional annotation tools (http://david.abcc.ncifcrf.gov/). The list of 80 refined proteins (see Paragraph Off-line statistical analysis of shotgun proteomics data) was fed to the search engine for classification with the proprietary GOTERM_CC_FAT dataset. The list of all identified proteins was fed to BioProfiling (http://www.bioprofiling.de/) to obtain the network enrichment, based on known physical protein-protein interactions (IntAct Database). The significant analyses, p o 0.01, were further considered to interpret and discuss proteomics results. The estimate of the p-value provided by the Monte Carlo procedure corresponds to the probability to get a model of the same quality for a random gene list of the same size (random networks statistical environment). 56 Eventually, the enriched network was exported as a .xgmml file and visualized and modified using Cytoscape (http://www.cytoscape.org/). The Gene Ontology, the KEGG pathway, the Wikipathway and the disease association enrichment analyses were carried out using the Webgestalt online tools (http://bioinfo.vanderbilt.edu/web gestalt/). Hereby, the entire human genome was used as a reference set. Fisher's exact test with Benjamini & Hochberg adjustment for multiple comparisons was employed to control the threshold of statistical overrepresentation of biochemical pathways. The 10 pathways with the most significant p values were considered. 57 
Dataset deposition
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.pro teomexchange.org) via the PRIDE partner repository 58 with the dataset identifier PXD000838.
